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Abstract Once oil plumes such as those originating from underwater blowouts reach the ocean mixed
layer (OML), their near-surface dispersion is influenced heavily by wind and wave-generated Langmuir tur-
bulence. In this study, the complex oil spill dispersion process is modeled using large-eddy simulation (LES).
The mean plume dispersion is characterized by performing statistical analysis of the resulting fields from
the LES data. Although the instantaneous oil concentration exhibits high intermittency with complex spatial
patterns such as Langmuir-induced striations, it is found that the time-averaged oil distribution can still be
described quite well by smooth Gaussian-type plumes. LES results show that the competition between
droplet rise velocity and vertical turbulent diffusion due to Langmuir turbulence is crucial in determining
both the dilution rate and overall direction of transport of oil plumes in the OML. The smoothness of the
mean plume makes it feasible to aim at modeling the oil dispersion using Reynolds-averaged type formula-
tions, such as the K-profile parameterization (KPP) with sufficient vertical resolution to capture vertical pro-
files in the OML. Using LES data, we evaluate the eddy viscosity and eddy diffusivity following the KPP
framework. We assess the performance of previous KPP models for pure shear turbulence and Langmuir tur-
bulence by comparing them with the LES data. Based on the assessment a modified KPP model is proposed,
which shows improved overall agreement with the LES results for both the eddy viscosity and the eddy dif-
fusivity of the oil dispersion under a variety of flow conditions and droplet sizes.

1. Introduction

In recent years, the risk of underwater oil spills has significantly increased due to the increasing crude oil
production in deep water offshore regions. Unlike oil spills at sea surface (e.g., from oil tankers), oil plumes
from underwater blowouts rise through significant depth of the ocean, allowing them to experience a wide
range of flow conditions. Particularly, when rising through the ocean mixed layer (OML), the very upper part
of the ocean where the physical/chemical/biological properties of the seawater are well mixed by various
physical mechanisms [Moum and Smyth, 2001; Edson et al., 2007], the oil plumes experience considerable
lateral and vertical dispersions that strongly affect their final fates toward the ocean surface.

Understanding the oceanic oil dispersion is crucial for estimating the environmental impact and biodegra-
dation rate of oil spills [Camilli et al., 2010; Hazen et al., 2010]. So far, the study of oceanic oil dispersion has
mainly relied on remote sensing measurements [e.g., Leifer et al., 2012; Garcia-Pineda et al., 2013; Caruso
et al., 2013], Lagrangian drifter tracking [e.g., Olascoaga et al., 2013; Poje et al., 2014], as well as large-scale
ocean circulation modeling [e.g., Liu et al., 2013; Huntley et al., 2013]. Valuable information has been
obtained from these studies regarding the surface and subsurface oil dispersion at large scales. Meanwhile,
the details of oil plume dispersion at submesoscale or even smaller scales are less understood, largely due
to the complex flow physics in the upper-ocean turbulence. The lack of understanding of the fundamental
oil dispersion mechanisms hampers the accuracy of large-scale modeling and increases the uncertainty in
model predictions.

The dynamics of the upper ocean is mainly driven by its interaction with the turbulent wind in the atmos-
pheric boundary layer [Phillips, 1980; Sullivan and McWilliams, 2010]. In response to the wind and wave
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forcing, the upper ocean is dominated by Langmuir turbulence [McWilliams et al., 1997], a combination of
coherent Langmuir circulation cells [Langmuir, 1938; Leibovich, 1983; Thorpe, 2004] and small-scale oceanic
turbulence. Langmuir circulations consist of a series of shallow and counter-rotating vortex pairs, not only
accumulating surface floating particles into bands via horizontal convergence [Okubo, 1970; Li, 2000], but
also injecting small and less buoyant particles into deeper ocean via strong downwelling events [Polton and
Belcher, 2007]. Therefore, studying the characteristics of the ocean Langmuir circulations is a key step for
understanding the upper-ocean oil dispersion.

A milestone for revealing the fundamental mechanism of Langmuir circulations is a series of theoretical
works by Craik and Leibovich [Craik and Leibovich, 1976; Craik, 1977; Leibovich, 1977a, 1977b]. In these stud-
ies, they derived the well-known Craik-Leibovich (CL) equations, which accounts for the accumulated effect
of sea-surface waves on the turbulent current. They showed that the Langmuir circulations can be gener-
ated effectively by the CL2 instability, in which the wave-induced Stokes drift current causes the turning
and growth of vertical vortices into streamwise Langmuir cells (see the review by Leibovich [1983]). Since
then, the CL equations have served as the core for modeling Langmuir circulations. Although the CL equa-
tions provide a clear mathematical formulation for modeling the Langmuir circulation, a major challenge
still remains on how to parameterize the unresolved turbulent flux (e.g., using the concept of eddy viscosity)
to close the equation system [Thorpe, 2004].

In recent years, large-eddy simulation (LES) has become a useful tool for modeling Langmuir circulations
[e.g., Skyllingstad and Denbo, 1995; McWilliams et al., 1997; McWilliams and Sullivan, 2000; Li et al., 2005; Noh
et al.,, 2006; Grant and Belcher, 2009; Kukulka et al., 2009]. LES is capable of directly resolving flow motions
larger than the simulation grid scale, and only parameterizes the unresolved subgrid scale effects. Based on
the resolved flow field in LES, the dispersion of particles in Langmuir turbulence has been studied using
Lagrangian tracking of tracer particles, both for two-dimensional tracking of surface floating particles [e.g.,
Skyllingstad and Denbo, 1995; McWilliams et al., 1997; Skyllingstad, 2000] and for three-dimensional tracking
of buoyant particles [e.g., Noh et al., 2006]. Due to the high computational cost for tracking the particles,
usually a limited number of particles were released randomly but homogeneously in space and were
allowed to recirculate in the simulation domain via periodic horizontal boundary conditions. These studies
were able to demonstrate the clustering of the tracer particles by the convergence effect of Langmuir circu-
lations near the surface.

Because LES directly resolves a wide range of flow physics that are not resolved by large-scale circulation
models, the LES results can also be used to provide insights for improving the existing parameterizations
used in those large-scale models. For modeling the oil spill dispersion in the upper ocean, one important
requirement for regional and global models to yield good predictions is the capability of representing the
vertical distribution of oil. Difference in the vertical distribution of oil droplets can result in significant differ-
ence in the overall oil plume migration direction due to the Ekman spiral in the upper-ocean velocity field
[Ekman, 1905; Lenn and Chereskin, 2009]. This in turn requires (1) a good vertical resolution of the mean
velocity in the OML, and (2) proper representations of the eddy viscosity for momentum and the vertical dif-
fusivity for oil.

One widely used parameterization is the K-profile parameterization (KPP) [Large et al., 1994], which models
the eddy viscosity and eddy diffusivity in the format of a one-dimensional vertical profile. The standard KPP
model was developed for pure wind-induced shear turbulence and the effect of Langmuir circulations was
not included, which resulted in underestimation of the eddy viscosity and diffusivity. To improve the model
performance for Langmuir turbulence, McWilliams and Sullivan [2000] proposed to include an enhancement
factor that accounts for the increased vertical mixing by Langmuir circulations. Smyth et al. [2002] further
generalized this improved KPP model by including the thermal convection effect in the enhancement fac-
tor. These new KPP models provided better agreement with LES results, but discrepancies in the shape and
magnitude of the K-profile still exist under strong Langmuir circulation conditions, and further improve-
ments are needed.

Recently, Yang et al. [2014] developed an Eulerian LES model for simulating oil plume dispersion in Lang-
muir turbulence. This model consists of two pseudospectral LES solvers for the flow field (one for velocity
and the other for temperature) that provide a high-fidelity representation of the Langmuir turbulence, as
well as an embedded finite-volume solver for the Eulerian oil concentration field that can simulate oil

YANG ET AL.

LES OIL PLUME DISPERSION 4730



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010542

dispersion with strong spatial inhomogeneity [Chamecki et al., 2008, 2009]. Using this model, Yang et al.
[2014] were able to capture the overall patterns to be expected for oil spill dispersion from a localized
underwater source, and reproduce various types of oil slick patterns observed in the field.

In this study, the Eulerian LES model developed by Yang et al. [2014] is used to simulate oil plume disper-
sion in Langmuir turbulence for a series of flow conditions and oil droplet sizes. These simulations provide
a large data set for evaluating the characteristics of the mean oil plume dispersion, including the mean
plume direction, the horizontal width and growth rate of the plume, and the vertical dispersion of the oil
due to Langmuir turbulence. The dependence of these plume statistics on the control parameters of the
problem is studied. Based on LES data, this study also aims at providing insight for further improvement
of the KPP model and expanding its capability for modeling oil dispersion. To achieve this goal, the per-
formances of existing KPP models (both the original and the Langmuir circulation enhanced versions) are
assessed by comparing them with LES results. The approach to be used in analyzing the 3-D LES results is
to consider the average transport properties of the velocity field as statistically homogeneous in horizon-
tal directions, while the mean scalar field, including the plume, is three-dimensional. As such, the effects
of buoyancy on the eddy viscosity and scalar diffusivities will be neglected, which is fully justified in the
mixed layer, under the cases and flow conditions to be considered. The aim will be to determine vertical
distributions of eddy viscosity and eddy diffusivity based on the LES results, and compare them with the
KPP model predictions. Based on the comparison, an improved KPP model is proposed, which includes a
more accurate model for the eddy viscosity of Langmuir turbulence and a new model for the eddy diffu-
sivity of oil dispersion. A priori tests based on LES data are also conducted to evaluate the performance of
the new KPP model.

The improved KPP model then can be useful in the context of ocean circulation models such as the HYbrid
Coordinate Ocean Model (HYCOM) [see e.g., Bleck and Boudra, 1981; Bleck, 2002; Halliwell, 2004, among
many others]. In such models, eddy viscosity and eddy diffusivity are specified as a function of z only,
whereas a simulated dispersing plume will naturally display horizontal heterogeneity. Particularly, HYCOM
employs a hybrid vertical coordinate system, which features unique vertical grid refinement capability in
important flow regions such as the mixed layer near the ocean surface and the shear boundary layer near
the seabed [Winther and Evensen, 2006]. By using continuous vertical dispersion model (such as KPP) and
having enough vertical grids within the mixed layer, HYCOM can capture the vertical mixing [e.g., Chas-
signet et al., 2007] and Ekman spiral [e.g., Halliwell, 2004] effects of the mixed layer flows on scalar transport.
Such ocean circulation models, utilizing more accurate KPP models with the effect of Langmuir turbulence
being properly included, may yield more accurate prediction of oil plume dispersion for future oceanic oil
spill events.

This paper is written to address the above research tasks and is organized as follows. In section 2, the
Eulerian LES model for oil dispersion in Langmuir turbulence is discussed in detail. Section 3 shows
the setup and the results of the LES, including the statistics of both the flow and oil concentration fields.
In section 4, the previous KPP models are reviewed and their performances are assessed, and the new
KPP model based on the current LES results is presented and tested. Finally, conclusions are given in
section 5.

2. LES Model of Langmuir Circulation and Oil Dispersion

2.1. Model Formulation

The dynamics of Langmuir circulation can be described by the Craik-Leibovich equations, in which a vortex
force term us; X is included to model the interaction of sea-surface gravity waves and the wind-induced
turbulence in a phase-averaged context [Leibovich, 1977b, 1980, 1983; Craik, 1985]. Here o=V Xu is the vor-
ticity of the fluid flow, where u is the fluid velocity. And u; is the averaged Stokes drift current due to the
accumulated effect of the surface gravity waves [Stokes, 1847].

In our LES model, we solve the filtered CL equations that represent the fluid motions larger than the grid
scale of the simulation,

V-u=0, (1)
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Here, tilde denotes a variable resolved on the LES grid, D/Dt=0;+u - V is the material derivative, py is the
density of oil, pg is the reference seawater density, p is the resolved seawater density, (p) is the horizontal-
averaged density, p is the modified pressure, C is the resolved mass concentration of oil, g is the accelera-
tion of gravity, fc is the Coriolis frequency, es is the unit vector in the vertical direction, and t=(uu—aa) is
the subgrid-scale (SGS) stress tensor. The first four terms on the right-hand side of equation (2) are pressure
gradient force, Coriolis force, the vortex force due to wave-turbulence interaction, and the SGS term repre-
senting the effect of the unresolved small-scale fluid motions. The last two terms in equation (2) are the
buoyancy forces due to water density fluctuations and due to oil concentration, respectively.

Similar to most of the previous LES studies on Langmuir turbulence [e.g., Skyllingstad and Denbo, 1995; McWil-
liams et al., 1997; McWilliams and Sullivan, 2000; Li et al., 2005; Noh et al., 2006; Grant and Belcher, 2009; Kukulka
et al., 2009], we consider the dominant wave mode in a wind-generated sea-surface wave field in deep water
condition. The leading order effect of the wave motion can be modeled by a sinusoidal wave train:

n(x,y, t)=R{ae** "0}, 3)
ky k ,
|_|W(X7y’z7 t):?}%{ (?X’?y’ _’) aawekzel(k-x—ﬁwf) }’ (4)

where 1 is the wave elevation, u, = (uy, vy, Wy ) is the wave orbital velocity, a is the wave amplitude, k= (k,
ky) is the two-dimensional vector wavenumber, k=[k|= /k +ki is the scalar wavenumber, g, is the angu-

lar frequency (the wave dispersion relation gives a,,=+/gk for deep water condition), x=(x,y), i=v—1,
and “R{}" denotes the real part of a complex variable.

In this study, we focus on the most widely studied condition, in which the wave propagation direction
aligns with the mean wind direction, i.e., the x direction in our simulation. For this particular condition,
equations (3) and (4) can be simplified as:

n(x, t)=acos (kx—aut), (5)

k.

uy(x,z,t)=(ac,e“cos (kx—ayt),0, ac,e%sin (kx—owt)) . (6)

The corresponding Stokes drift velocity is given by [Stokes, 18471:
us(z)=e U;e?? 7)

where U;=0,,ka? is the magnitude of the wave-induced Stokes drift and e; is the unit vector in the stream-
wise (wave propagation) direction.

We note that instead of using the monochromatic wave approximation, one can also parameterize the
Stokes drift of a wind-sea using the integration of the broadband wave spectrum [Harcourt and D’Asaro,
2008]. However, Kenyon [1969] and Huang [1971] found that the Stokes drift current of a broadband wave
field may be approximated as an exponential profile. As shown by Li and Garrett [1993], the Stokes drift can
in general be parameterized based on a magnitude Us and an e-folding depth h,, which can be related to
an effective wavenumber k., of a monochromatic wave, i.e.,, he=1/(2k.). Therefore, it is useful to bear in
mind that although the Stokes drift in (7) is derived from the monochromatic wave approximation, it can
also be reconstructed using the desired U, and k in a more general way.

Following previous LES studies [e.g., McWilliams et al., 1997; Polton et al.,, 2008; Kukulka et al., 2010], we assume
a linear relation between the seawater density p and the temperature 0, i.e, p=py[1—a(0—00)], where a=2X
10"* K" is the thermal expansion coefficient and 0, is the reference temperature at which the reference den-
sity is taken. The variation of the temperature field is governed by a filtered convection-diffusion equation:

§+(ﬁ+us)~Vé=—V~n9, @)

where n9=(66—a0) is the SGS thermal flux.
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The oil field is described by a continuous Eulerian concentration field C(x,y, z, t). Its evolution is governed
by a filtered advection-diffusion equation:

ac - .

§+V-(VC)+uS-VC:—V~nC+QS, (9)
where nc=(LTE—G6) is the SGS oil concentration flux, Q, is a source term representing the release of oil
from an underwater blowout, and v is the velocity of the oil droplet phase. In this Eulerian approach, a key
step is to express V as an expansion in the droplet time scale Ty=(py+po/2)d?/(18y) [Ferry and Balachan-
dar, 2001], where d is the droplet diameter and s is the viscosity of water. For the oil plume dispersion
problem considered in this study, T, is much smaller than the resolved fluid time scales (i.e., T4/Tar < 1,
where Ty is the smallest resolved fluid time scale at the LES grid scale). Following Ferry and Balachandar
[2001], assuming that the droplet Reynolds number Re;=p,|v—u|d/u; < 1 and keeping only the terms of
order up to O(Ty), the resolved oil droplet velocity can be written as:

\7:&+w,e3+(R—1)Td(%+V~r> +(’)(Tj/2). (10)
Here
w,=(po—pg)9d”/(18uy) (11)

is the droplet rise velocity, and R=3p,/(2p4+ p,) is the density ratio parameter.

The above expressions assume d < 1 mm for the Stokes flow drag formula to be valid [Clift et al., 1978; Elliot
et al., 1986; Zheng and Yapa, 2000]. Included in equation (10) are the main effects acting on point particles
for the range of parameters typical of oil droplets: Stokes drag, gravitational force, added mass, buoyancy,
and SGS fluid stress force. History force, Brownian motion, lift forces, and the Faxen corrections are
neglected (these additional effects would severely increase computational cost and have a negligible
impact on the results). The leading order error in equation (10) comes from the Saffman lift force, which is
O(T§/3) because py/po=0(1) and can be neglected here due to the smallness of T,.

To close the equation system, the SGS stress tensor t is parameterized using the Lilly-Smagorinsky
eddy-viscosity model [Smagorinsky, 1963; Lilly, 19671, Tfjm"g:—2\71.§,<,»:—2(CSA)2\§|§,7, where S;=(90;/9x;
+0U;/0x;)/2 is the resolved strain rate tensor, v, is the SGS eddy viscosity, and A is the grid (filter)
scale. The only unknown, the Smagorinsky coefficient ¢, is determined dynamically during the simula-
tion [Germano et al., 1991] by assuming scale-dependent similarity at various scales, so that ¢, at grid
scale A can be evaluated based on the resolved flow field information at scales 2A and 4A (i.e., apply-
ing test filtering to a LES resolved variable at these two scales) [Porté-Agel et al., 2000]. Typically, such
dynamic SGS modeling involves spatial averaging operation in the horizontal directions to reduce
numerical oscillations in the model coefficient. However, the horizontal averaging is not proper for the
current problem because of the strong horizontal nonuniformity of the ocean mixed layer induced by
the Langmuir circulations and the heterogeneously distributed oil plume (note that this heterogeneity
of the oil field affects the flow field via the oil induced buoyancy flux). To overcome the issue, the hori-
zontal averaging is replaced by a Lagrangian averaging performed along fluid trajectories [Meneveau
et al., 1996].

In this study, we employ the Lagrangian-averaging scale-dependent dynamic (LASD) SGS model [Bou-Zeid
et al.,, 2005], which combines all of the aforementioned features for determining ¢ in the LES of the complex
flow system. This model has been extensively tested and validated in detail with data [Bou-Zeid et al., 2005;
Kumar et al., 2010]. Because in the LASD model, the coefficients are determined dynamically during the sim-
ulation based on the resolved flow physics, there is no arbitrary tailoring of the model required when apply-
ing the LASD model to Langmuir turbulence, except that we include the Stokes drift velocity in the
evaluation of the fluid trajectories. Based on the modeled SGS eddy viscosity v;, the SGS heat and oil fluxes
my and =, are then parameterized as n(;=(v,/Prr)V?) and nc=(vf/5c1)V€ with a constant turbulent Prandtl
number Pr.=0.4 and Schmidt number Sc,=0.8. These values fall well in the range of the proposed and
tested values in prior studies [e.g., Antonopoulos-Domis, 1981; Moeng, 1984; Mason, 1989; Sullivan et al.,
1994; Kumar et al., 2006; Chamecki et al., 2009]. With the SGS models for 7, =y, and =, the governing
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Figure 1. lllustration of three-dimensional oil and flow field obtained from the LES model. The result from case L2D2 is shown (see Table 1).
Contours of instantaneous vertical velocity w and temperature 0 are shown on the vertical planes at x=500 m and y=500 m, respectively. The
oil plume is visualized by the three-dimensional isosurfaces of oil concentration C=2x10"* kg/m?3 (brown) and 2X 1073 kg/m? (black).

equations (1), (2), (8), and (9) are closed and can be solved numerically. An example of a typical LES case is
shown in Figure 1.

We remark that in the current model, the SGS fluid motions affect the oil dispersion through two terms, i.e.,
the SGS diffusion term V - (vTVE/ScI) in (9), where v, is determined by the SGS fluid motions, as well as
the inertial (the third) term in (10). In this study, we consider cases with d < 0.5 mm, for which the w, term
is the dominant added effect to the fluid velocity u in equation (10). The third term that accounts for the
inertial effect of the oil droplet is found to be negligible, but is still kept in (10) as a general description of
our LES model (as it is also included in the simulations). In fact, for the simulation cases reported in this
paper, our estimation shows that even using the Kolmogorov time scale at the beginning of the inertial
layer, the Stokes number of the oil droplet is still small enough that effects associated with droplet inertia
should be negligible (the detailed estimation is given in section 3.1).

2.2. Numerical Method

In the current LES framework, the Craik-Leibovich model of Langmuir circulation accounts for the time-
averaged effect of the sea-surface waves on the ocean turbulence. Consistent with this, the top boundary
of the simulation domain is kept flat, which represents the averaged sea-surface level, as in other LES of
Langmuir circulation [see e.g., Skyllingstad and Denbo, 1995; McWilliams et al., 1997; McWilliams and Sullivan,
2000; Li et al., 2005; Harcourt and D’Asaro, 2008; Kukulka et al., 2009, among many others]. The simulation
domain has a rectangular shape, with ocean mixed layer occupying the upper portion and stably stratified
fluid in the lower portion. The bottom boundary of the simulation domain is treated as an open boundary,
at which a sponge layer is included to absorb the vertical flow motions and internal waves toward the bot-
tom boundary [Nieuwstadt et al., 1991].

The set of equations (1), (2), (8), and (9) are discretized on a Cartesian grid. In particular, (1), (2), and (8) are
discretized by a pseudospectral method on a collocated grid in the horizontal directions and a second-
order central difference method on a staggered grid in the vertical direction. The time integration is carried
out by the second-order Adams-Bashforth scheme. A divergence-free velocity field is obtained by solving a
pressure Poisson equation and adding pressure correction to the velocity field.

The oil transport equation (9) is discretized by a finite-volume algorithm. This scheme was developed by Cha-
mecki et al. [2008] to overcome the issue of unphysical oscillations when simulating the transport of a highly
inhomogeneous scalar field when using a pseudospectral solver for the velocity field. It employs a specially
designed interpolation scheme to interpolate the velocity field from the pseudospectral and finite-difference
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grid to the finite-volume grid for oil concentration. The oil field is then simulated using a finite-volume method
with a bounded third-order upwind scheme for the advection term [Gaskell and Lau, 1988].

The whole LES system has been applied to oil spill dispersion in Langmuir turbulence by Yang et al. [2014].
We note that the hybrid oil field solver is not sensitive to the type of flow field being simulated by the flow
solver, and has been well tested and applied to particle and scalar dispersion in various geophysical flows
in a number of prior LES studies [Chamecki et al., 2008, 2009; Chamecki and Meneveau, 2011; Pan et al.,
2013]. Therefore, in the next section, we will focus on the testing and validation of the flow solver for mod-
eling Langmuir circulation and ocean turbulence in the upper-ocean boundary layer. Additional testing and
validation of the LES model can be found in the supporting information of Yang et al. [2014].

2.3. Model Testing and Validation

To test the LES model for Langmuir circulation, we repeat the simulation case S/0.3 in McWilliams et al.
[1997]. We match the key parameters in our LES with their simulation setup. In particular, a constant wind
stress 7,=0.037 Nm~2 is applied on the top boundary (i.e,, the mean sea surface), corresponding to a fric-
tion velocity of u,=6.1X10"3m/s and a wind speed of about 5m/s at 10m height. The monochromatic
sea-surface wave train has an amplitude of a=0.8 m and a wavelength of A=60 m (the corresponding wave-
number is k=271/7=0.105m™"). This wave condition gives U;=0.068 m/s , corresponding to a turbulent
Langmuir number of La;=+/u. /U;=0.30.

In the test, the Coriolis frequency is fc=10"*s"", corresponding to a latitude of 45°N. The initial flow field is
well mixed above the thermocline (0 > z > z;=—33m), and is stably stratified below with a temperature gra-
dient d0/dz=0.01Km™". Similar to McWilliams et al. [1997], a weak heat flux of Q=—5W m~2 (the negative
sign denotes the flux being out of the ocean surface) is imposed at the surface to help the spin-up of the flow
field from initial condition. This corresponds to a Monin-Obukhov length L=pyc,u? /k2gQ=—240m and a
small Hoenikker number Ho=—20gQ/ poc,kUsu?=0.018 (where ¢, is the heat capacity and « is the von Kar-
man constant), indicating that the flow is only weakly convective and is dominated by strong shear and Stokes
drift vortex force [McWilliams et al, 1997]. The size of the simulation domain is (L, L,,L;)=(150,150,90) m,
which is discretized using 50X50X 150 grid points. The time integration uses a time step of 0.1 s, correspond-
ing to a Courant number of 5X 1073 that ensures the simulation to be numerically stable.

To start the simulation, a steady state Stokes-Ekman layer solution [McWilliams et al., 1997] is used as the ini-
tial condition for the mean velocity, in which the complex velocity U=u+iv is given by:

1—i 1+i (f\"?
U:W[rw/pfzkvey]exp {ﬁ (V—C> +ye2e (12)
Ve e

where y=ifcU;s [4k2ve—ifc]71, and v, is the effective eddy viscosity in the Stokes-Ekman layer. A three-
dimensional small amplitude random disturbance is superimposed to the mean velocity to trigger the tur-
bulence. Note that the exact value of v, is unknown a priori. Using different v, will give different mean initial
velocity profiles, which result in initial oscillations of different magnitudes in the numerical solution. To also
test the sensitivity of the LES to the initial condition, we choose two different values, i.e., v.=1.16X10"2 m?
s~ as in McWilliams et al. [1997] and v.=1.0X10"3 m?s™" that is an order of magnitude smaller.

For statistical analysis, the time average of a variable f is denoted as f, and its temporal fluctuation is defined
as f' = f—f. A planar averaging (denoted as (- - -)) is also applied to the time-averaged value to obtain the

mean value, hereinafter denoted as (f). Figures 2-4 compare the profiles of the mean velocity, Reynolds
stress, and velocity variances obtained from the current LES to those reported by McWilliams et al. [1997].

The comparisons in Figures 2-4 show good agreement, with small differences caused probably by the dif-
ferent SGS stress models and slightly different numerical methods used in these two studies. About the
shear stress profiles u'w’, unlike what appears to be the case in the profile from McWilliams et al. [1997], in
our results the profile goes to zero at the surface. This is because we show only u'w’ from the resolved
scales in LES, without adding the surface stress at the top surface. At the surface v'w’ must vanish since the
fluctuating vertical velocity there is zero at all times. Note that McWilliams et al. [1997] modeled the SGS
eddy viscosity as vTZO,w?]/Z where £ is a mixing length and €’ is the SGS turbulent kinetic energy [Moeng,
1984; Sullivan et al., 1994], while in the current model v, is modeled using the LASD model [Bou-Zeid et al.,
2005]. Considering the challenges in modeling Langmuir circulation and ocean turbulence, the agreement
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Figure 2. Vertical profiles of horizontal-averaged and time-averaged velocity (a) () and (b) (v) for comparison to case S/0.3 in McWilliams
et al. [1997]: dashed line, LES results from McWilliams et al. [1997]; solid line, the current LES results with v.=1.0x10"3 m? /s in initial condi-
tion; and triangle symbols (plotted every two grid points), the current LES results with v,=1.16X1072 m? /s in initial condition.

is reasonably good. Moreover, Figures 2-4 also show that the results from two different initial conditions
(with v.=1.0X10"3 and 1.16X1072m?/s in equation (12)) agree very well, indicating that the current LES
model is not sensitive to the initial condition and can robustly converge to the correct numerical solution.

3. LES of Oil Dispersion: Results and Discussions

3.1. Simulation Setup

To simulate oil dispersion in relatively high wind conditions, a constant wind stress 7,,=0.156 Nm ™2 is applied
on the top boundary (i.e., the mean sea surface), which corresponds to a wind speed of about 10 m/s at 10m
height and a friction velocity of u,=0.0125m/s. Four wave conditions with wavelengths A = 120, 60, 30, and
15 m are considered. With a fixed wave steepness 27a/2=0.084, these four conditions have wave amplitudes
a=16,08,0.4,and 0.2 m. The Stokes drift velocity Us;=+/g//2r(2na/ 1) (where g=9.81 m/s? is the accelera-
tion of gravity) increases as the wavelength increases. As shown by McWilliams et al. [1997], the relative
strength of shear turbulence and Langmuir circulation can be measured by the turbulent Langmuir number
La;=+/u./Us. The corresponding values for the four wave cases considered here are La,=0.36, 0.43, 0.51, and
0.61 (denoted as cases L1-L4, respectively).
The Coriolis frequency is fc=7x10"°s"", corresponding to a latitude of 28.7°N. The initial thermocline
depth is zz=100 m. The flow field is well mixed in 0 > z > z;,, and stably stratified below with a temperature
gradient df/dz=0.01Km™". Similar to the test case in section 2.3, a weak heat flux of Q=—15Wm™2 (out
of the ocean) is imposed at the surface to help spin-up the flow, for which the corresponding Hoenikker
numbers of cases L1-L4 are Ho = 0.018, 0.013, 0.009, and 0.006, respectively. Therefore all the simulation
cases are dominated by the Langmuir turbulence generated by the shear and Stokes drift and are only
weakly convective. To capture the spatial evolution of the oil plume, a simulation domain of (Ly,Ly,L;)=(
1000, 1000, 300) m is used. The domain is discretized using 100X100X145=1.45X10° points. The time
integration uses a time step of 0.1, corresponding to a Courant number of 7X 1073,

We adopt the density of seawater p,=1031.0kg/m3, the density of oil p,=859.9kg/m?3, and the viscosity
of seawater 1;=1.08X107>kg/(mSs). For each Langmuir turbulence condition, we consider six oil droplet
diameters, ranging from d = 500 to 88 um (denoted as cases D1-D6, respectively). The corresponding rise
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Table 1. Drift-to-Buoyancy Ratio Db=U; /w, for Various Simulation Cases®
d (um)|w, (mm/s)

1) (D2) (D3) (D4) (D5) (D6)
Us (cm/s)|La; 50021.6 354|108 250(5.4 177|2.7 1251.35 88/0.675
(L1) 9.6/0.36 44 89 17.8 356 71.1 1422
(L2) 6.8|0.43 32 63 126 252 504 100.7
(L3) 4.8/0.51 22 44 89 17.8 356 711
(L4) 3.4/0.61 16 32 63 126 252 50.4

2All of the cases have a fixed friction velocity of u, =1.25 cm/s. Four different Stokes drift U are considered (indicated as cases L1-
L4), with their values and the corresponding La, value given in the first column of the table in the format of U;|La;. For each flow condi-
tion, six droplet diameters and rise velocities are considered (indicated as cases D1-D6), with the values listed in the second row of the
table in the format of “d (um)|w, (mm/s).” In the table, the corresponding Db values of each case are listed as a 4 X 6 matrix, e.g.,
Db = 12.6 for case L2D3.

velocities are given by Stokes' law (11). As shown by Yang et al. [2014], the spatial dilution of the surface oil
plume is mainly governed by the drift-to-buoyancy ratio Db=U;/w,, where Us; and w, are the Stokes drift
velocity and droplet rise velocity, respectively. The simulation cases considered in this study cover a wide
range of Db values, from 1.6 to 142.2. Table 1 summarizes the key parameters of the simulation cases. In
each case, the oil is released from a finite size localized source at zz=—150m (below the bottom of the
mixed layer) with a release rate of Q;,=1kg/s smeared out in the volume of one grid cell
(10mX10mXx2m). The oil droplets have zero initial velocity at the release source and rise upward from the
source primarily due to the buoyancy force because they are released below the ocean mixed layer where
the carrier flow is very weak. The horizontal location of the oil source is chosen to keep the main part of the
oil plume inside the simulation domain. The source is located at (xs,ys)=(—200,300) m for cases D1-D4
and at (xs, y5)= (200, 300) m for cases D5 and D6 (note that the domain ranges from x = - 500 to 500 m and
from y = - 500 to 500 m horizontally).

We remark that the oil release rate Q, used in this study is smaller than the initial release rate of a real
underwater blowout event. For example, during the Deepwater Horizon event the oil was released at about
1500 m depth with an estimated volume flow rate of 53,000-62,000 (+10%) barrels per day [Lehr et al.,
2010]. With the reported density of 840 kg/m? for the BP MC252 crude oil [Lehr et al., 2010], the correspond-
ing oil mass flow rate was roughly Q; ~ 60—100 kg/s. Moreover, in the near field of an underwater blowout,
the oil droplets within the plume typically have a distribution of droplet diameters rather than a single size
due to the high pressure and strong flow shear rate near the blowout location. However, as the oil plumes
rise through the stratified seawater layers below the ocean mixed layer, phenomena such as peeling and
horizontal intrusion of oil plumes can significantly reduce the oil flow rate (e.g., by as much as 95%) [Socolof-
sky et al., 2011]. The combination of intrusion formation and horizontal ocean current can also separate a
mixed oil plume of various droplet sizes into multiple subplumes (with nearly single droplet size) due to the
different rise velocity and peeling rate of different droplet size, which tend to rise toward the ocean surface
through different paths. Therefore, the rate of Q;=1kg/m? used in this study models the effective oil flow
rate of a subplume from an underwater blowout event as the subplume approaches the bottom of the
mixed layer (i.e., at 150 m depth in this study). We also remark that if a plume of mixed droplet sizes is
meant to be modeled, the current LES model can be directly applied by considering a variety of representa-
tive (but discretized) oil droplet sizes simultaneously in a single simulation, in which a concentration func-
tion is assigned to each droplet size.

For the oil plume dispersion problem considered in this study, the droplet time scale T, is much smaller
than the resolved fluid time scales. As indicated in equation (10), the effective response time scale of oil
droplet is T,=(R—1)T4=w,/g. Therefore, the largest droplets d = 500 um have T, =~ 2.2X1073s, and the
smallest droplets d = 88 um have T/, = 6.8 X 10 s. For the bulk flow, the Kolmogorov time scale of the tur-
bulence can be estimated as T,=1/u/(poc) with the dissipation rate e=U3/L ~ 1.9X10°8m?/s? (here we
used a characteristic velocity U ~ u,=0.0125m/s and the initial depth of the OML as the characteristic
length L ~ z;=100 m). Therefore, in the bulk of the OML, the Stokes number based on the Kolmogorov scale
is St,=T}/T, ~ 3X10~* for d = 500 pm and St, ~ 9X 10 for d = 88 um. For the more extreme case, i.e., in
the surface boundary layer, the dissipation rate scales as € ~ u?/(x|z|), where |z| is the distance from the
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Figure 3. Vertical profiles of horizontal-averaged and time-averaged momentum fluxes (a) (u'w’) and (b) (v'w’) for comparison to case 5/0.3
in McWilliams et al. [1997]: dashed line, LES results from McWilliams et al. [1997]; solid line, the current LES results with ve=1.0X10"3 m?/s in
initial condition; and triangle symbols (plotted every two grid points), the current LES results with ve=1.16X10"2 m? /s in initial condition.

surface. Assuming we pick |z| to be 50 viscous units from the surface that is at the beginning of the inertial
layer, i.e., |z|=50u;/(pou.) = 4 mm, at this depth the estimated dissipation rate is ¢ ~ 1.2X1073 m?/s3. This
gives a Kolmogorov time scale of T, ~ 2.9X1072s, and the corresponding Stokes number is St, ~ 0.076 for
the d = 500 um droplets and St, ~ 0.002 for those with d = 88 pm. Note that even for this extreme condi-
tion the Stokes number is still small enough that effects associated with droplet inertia are negligible. More-
over, we remark that in LES a more appropriate flow time scale is the LES resolved fluid time scale T, which
typically is much larger than T,. Therefore, for the parameters considered in this paper, the corresponding
grid Stokes number StA=T, /Ty < 1.

3.2, Statistics of the Flow Field

The flow statistics of the Langmuir turbulence are strongly affected by the relative intensity of the wind-
induced shear instability to the vortex force that generates the Langmuir circulation, which is measured by
the Langmuir number La, [McWilliams et al., 1997; McWilliams and Sullivan, 2000; Li et al., 2005; McWilliams
et al, 2012]. In this section, the effect of the Stokes drift on the mean vertical profiles of the Langmuir turbu-
lence is examined.

Figure 5 shows the vertical profiles of the time and horizontal-averaged velocities for various La,. For
La;=0.61, the Stokes drift has a small magnitude and shallow e-folding depth (Figure 5c¢). The wave
effect is weak and the flow is thus dominated by the shear generated turbulence, with strong vertical
gradient of (u) and (v) through a large upper portion of the mixed layer (Figures 5a and 5b). As La,
decreases (associated with the increase of the wave amplitude and wavelength, see section 3.1), the
magnitude and e-folding depth of the Stokes drift increases. For La;=0.43 and 0.36, the CL2 instability
associated with the vortex force [Craik, 1977; Leibovich, 1977b] surpasses the shear instability, and the
upper part of the mixed layer is dominated by Langmuir circulations. An apparent effect of the stronger
Langmuir circulations is the anti-Stokes tendency of (u) (Figure 5a), i.e., a decrease of (u) near the sur-
face as U increases [McWilliams et al., 2012]. When the Langmuir number becomes even smaller (see
e.g., the test case in Figure 2a with La,=0.30), (u) can become negative over most of the depth in the
mixed layer. The vertical gradients of (u) and (v) are also significantly reduced for small La, due to the
enhanced vertical mixing associated with the Langmuir circulations [McWilliams et al., 1997; Li et al.,
2005; McWilliams et al., 2012].
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Figure 4. Vertical profiles of velocity variances (a) (u'u’), (b) (v/v/), and (c) (w'w’) for comparison to case S/0.3 in McWilliams et al. [1997]:
dashed line, LES results from McWilliams et al. [1997]; solid line, the current LES results with v,=1.0X10"3 m? /s in initial condition; and tri-
angle symbols (plotted every two grid points), the current LES results with v.=1.16X10"2 m? /s in initial condition.

The effect of Langmuir circulations on the turbulent mixing can be clearly seen in the vertical profiles of
velocity variances (Figure 6). For shear-dominated cases (La;=0.61 and 0.51), the velocity variance is more
isotropic, with the magnitude of the three components following the order of (u'v/)={v'v') > (w'w’'). For
cases with strong Langmuir circulations (La,=0.43 and 0.36), the magnitude of (w/'w’) is increased due to
the upwelling and downwelling events associated with Langmuir cells [Li and Garrett, 1993; McWilliams

(a) 0

s
(Wlu,

(b) 0

(c)O

(WHlu, 0

Figure 5. Vertical profiles of the time-averaged and horizontal-averaged velocity (a) (u), (b) (v), and (c) U, for various Langmuir conditions:
solid line, La;=0.36; dash-dot line, La;=0.43; dashed line, La;=0.51; and dash-dot-dot line, La;=0.61.
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Figure 6. Vertical profiles of velocity variances (a) (U'u’), (b) (V'v'), and (c) (w'w’) for various Langmuir turbulence: solid line, La,=0.36; dash-
dot line, La;=0.43; dashed line, La;=0.51; and dash-dot-dot line, La;=0.61. The LES results from the test case in Figure 4 are also included
(indicated by dotted line), which has La;=0.30. The vertical velocity variance measured from the open ocean by D’Asaro [2001] is shown in Fig-
ure 6¢ as triangle symbols.

et al., 1997; Polton and Belcher, 2007]. This enhanced vertical mixing helps to reduce the streamwise velocity
variance (u't’). Meanwhile, the magnitude of (v/v') becomes much larger due to the spanwise convergence
and divergence motions induced by the Langmuir circulations. The turbulence field becomes more aniso-
tropic, with (Vv/) > (V') > (w'w’). For comparison, Figure 6c also shows the field measurement data
from D’Asaro [2001]. Note that the exact value of La, in the field measurement is not reported, but is
expected to be small since most of the measurements were done under mature wave conditions [D’Asaro,
2001]. An estimation by Li et al. [2005] suggested that the value of La, falls between 0.27 and 0.33 for the
typical oceanic observation under mature wave condition. As shown in Figure 6¢, good agreement on the
profile shape and peak value is achieved, with the measurement data always located between LES results of
La;=0.36 (case L1 in Table 1) and La;=0.30 (the test case in section 2.3).

3.3. Statistics of the Mean Oil Plume Dispersion

In Yang et al. [2014], spatial statistics of the instantaneous oil plumes in Langmuir turbulence have been
studied in detail. It was found that the complex pattern of the surface oil slick is governed by a competition
between the downwelling fluid motions (induced by the counter-rotating Langmuir cells) and the rising
motion of the oil droplets (induced by their buoyancy). Based on the drift-to-buoyancy ratio Db=Us/w, that
describes the relative strength of the two competing mechanisms, the surface oil slick patterns can be cate-
gorized into three regimes: “fingered” for Db=<10; “blurred” for 10=<Db=<25; and “diffused” for Db=25. In
this study, the analysis focuses on the mean plume statistics, in which time-averaging and planar-averaging
are applied. The dependence of the mean plume statistics on Db and La, is examined.

Figures 7 and 8 show the instantaneous and time-averaged surface oil plumes for La;=0.43 (case L2) with
six different oil droplet sizes (cases D1-D6). As shown in Yang et al. [2014], the surface oil plume dispersion
exhibits downwind convergence bands [Leibovich, 1983; Thorpe, 2004] due to Langmuir circulations, as well
as averaged crosswind oil transport due to the Coriolis effect. This overall surface plume pattern agrees
with the field measurement reported in Rye [2000]. As the oil droplet size changes, the instantaneous sur-
face oil slicks are “fingered” in cases L2D1 (Figures 7ai) and L2D2 (Figures 7aii), “blurred” in case L2D3 (Fig-
ure 7aiii), and “diffused” in cases L2D4-L2D6 (Figures 8ai-8aiii). Although the instantaneous oil slicks exhibit
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Figure 7. Instantaneous and time-averaged surface oil concentration for La,=0.43 with results for various droplet diameters shown in different rows: (i) d = 500 um (case L2D1); (ii)
d = 354 um (case L2D2); and (jii) d = 250 um (case L2D3). Plots in different columns are: (a) instantaneous surface plume obtained from LES; (b) time-averaged surface oil plume; (c) Gaus-
sian fit of the time-averaged plume. Contours are oil concentration in the unit of kg/m?3. The black cross symbol indicates the horizontal location of the underwater oil releasing source.

highly intermittent and complex patterns, the time-averaged plumes are found to be much smoother, as
expected (Figures 7b and 8b). Note that as the oil droplet diameter decreases (from case D1 to case D6), the
initial surfacing location of the oil plume shifts toward the lower left relative to the initial oil source (indi-
cated by “X” in the figure; see section 3.1 for the specific locations). This is caused by the Ekman spiral
[Ekman, 1905] due to the Coriolis effect [Yang et al., 2014]. The rise velocity w, decreases with the droplet
diameter (Table 1). Consequently, during the initial rising stage (i.e., the nearly vertical part of the oil plume
above the source as shown in Figure 1), smaller oil droplets take longer time to reach the surface, experienc-

ing more horizontal transport due to the mean Ekman spiral.

We remark that the vertical rising process discussed above belongs to the “near field” category, for which
the flow physics is mainly governed by the buoyancy flux of the oil plume [Socolofsky et al., 2008]. Next in
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Figure 8. Instantaneous and time-averaged surface oil concentration for La, =0.43 with results for various droplet diameters shown in different rows: (i) d = 177 pm (case L2D4); (ii)
d =125 pm (case L2D5); and (iii) d = 88 um (case L2D6). Plots in different columns are: (a) instantaneous surface plume obtained from LES; (b) time-averaged surface oil plume; (c) Gaus-
sian fit of the time-averaged plume. Contours are oil concentration in the unit of kg/m?3. The black cross symbol indicates the horizontal location of the underwater oil releasing source.

our analysis we focus on the “far field” of the oil plume, i.e., certain radial distance away from the oil source
to exclude the vertical rising core of the plume. In the far field, the oil plume has finished the initial surfac-
ing process, and the complex oil dispersion is governed by the interaction between the oil plume and Lang-
muir turbulence. Understanding the far-field oil dispersion is a crucial step for predicting the final fate of
the oil plume, which is of major interest to many large-scale oceanic oil dispersion analyses [see e.g., Camilli
et al., 2010; Leifer et al., 2012; Garcia-Pineda et al., 2013].

Further analysis of the far-field LES data suggests that the time-averaged surface plumes can be parameter-
ized quite well as two-dimensional Gaussian plumes. Figure 9 illustrates the Gaussian-fitting process of the
mean surface plume. First, the centerline of the surface plume is determined by a linear fit of the maximum
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Figure 9. Demonstration of Gaussian fitting for the mean surface oil plume for case L2D3.

surface oil concentration (Figure 9a). Based on the mean plume direction given by the centerline, the coor-
dinate system of the LES data is rotated counterclockwise so that the new axis (with coordinate x,) is parallel
to the plume centerline (Figure 9b). In the rotated coordinate (x, y,), the time-averaged surface oil concen-
tration C(x,,y,,0) is extracted along each x, grid line. Each of these one-dimensional profiles is then fitted
by a Gaussian profile:

5(x,,y,,0)=A(x,)exp{—(2[;)z:/C);2}, (13)

where the plume centerline has a constant displaced origin y. in the rotated coordinate. The LES data from
all the 24 simulation cases suggest that the surface plume width b can be well fitted as a linear function of
X, (see e.g., case L2D3 in Figure 9¢), i.e.:

b(x,)=a(x,—xo)+bg, (14)

where x, corresponds to the initial location when the plume reaches the surface, here a is the downstream
growth rate, and by is the initial surface plume width. The values of x,, a and by vary depending on Db and La,.

Due to conservation of the mass, the integrated oil concentration at each x, is conserved, i.e.:
CT(x,)=J Jf(x”yhz) dy,dz=constant. (15)

Moreover, the LES data show that similar mass conservation also holds even for the surface oil concentra-
tion due to the similarity in the vertical oil distribution (figures are not shown here). Therefore, the conserva-
tion constraint (15) can be replaced by:
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Figure 10. Oblique angle ¢ of mean surface oil plume with respect to the wind direction. Gaussian fitting process, the mean

surface oil plumes from all the

simulation cases can be well parameterized by Gaussian surface plumes, as illustrated in Figures 7(ci)-7(ciii)
and 8(ci)-8(ciii).

With the Gaussian fit for all the 24 simulation cases, the dependence of the mean surface plume statistics
on Db and La, is examined. Figure 10 shows the oblique angle ¢ of the plume centerline to the mean wind
and wave direction (i.e., the +x direction). When Db increases (corresponding to a decrease of the oil drop-
let diameter d and rise velocity w,), the smaller oil droplets have weaker buoyancy force to overcome the
downwelling effect induced by the Langmuir turbulence, and are transferred deeper into the OML [Yang
et al.,, 2014]. Larger oil droplets tend to stay near the surface where the mean flow is more aligned with the
mean wind (Figure 7), while smaller oil droplets experience more crosswind Ekman transport in the deeper
region (Figure 8 shows the surface signature of the overall crosswind trend of the three-dimensional mean
plume). As a result, the oblique angle ¢ increases with Db as shown in Figure 10, with ¢ scattered about 30°
for case D1 reflecting the direction of the mean surface flow, and scattered about 75° for case D6 reflecting
the mean Ekman transport direction averaged over the entire mixed layer depth. Figure 10 also shows that
the oblique angles from various simulation cases scale well as a function of Db, consistent with the finding
in Yang et al. [2014] that indicated that Db is the determining control parameter of the competing mecha-
nisms between the downwelling flows and the rise of oil droplets. We remark that the result shown in Fig-
ures 10 reflects the response of the oil plume to a statistically steady Ekman layer. For more complex ocean
conditions, the Ekman transport can have considerable unsteadiness due to variable wind or buoyancy-
driven convection [Lenn and Chereskin, 2009], which may affect the direction of the mean oil plume. For
these conditions, an in situ analysis of the mean plume dispersion direction based on the specific environ-
mental condition is desired, but this would go beyond the scope of the current study.

Figure 11 shows the downstream growth rate a and the initial surface plume width b,. The values of a show
an increasing trend at small Db, which flatten out at large Db. The values from each individual simulation
case exhibit considerable scatter, making it difficult to draw clear trend for each La; condition. Nevertheless,
a least square fit to a power law based on all the simulation cases gives:

a(Db)=c;(1-c%), ¢=0.1727, ,=0.8729. (18)

On the other hand, the initial surface plume width still shows a clear increasing trend with Db for each fixed
La,, but the results from different flow conditions collapse well as function of the inverse Rouse number
1/P=xu./w,=x La? Db, where k=0.4 is the von Karman constant. A simple explanation of this Rouse num-
ber dependence is that, the horizontal turbulent dispersion rate of the oil droplets (while rising vertically)
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Figure 11. Statistics of half plume width b of mean surface oil plume. In the rotated frame (x,, y,), the plume width grows linearly toward
downstream, i.e.,, b=a(x, —xo) +bo. (a) The plume growth rate a is plotted against drift-to-buoyancy ratio Db, with symbols indicating LES
results and the solid line indicating a power-law fit (a=¢; (1 —5‘27")7c1 =0.1727,¢,=0.8729). (b) The initial surface plume width by is plotted
against the inverse of the Rouse number P, where P=w, /xu, = (xLa?Db) .

scales as f§ ~ u,, whilst the time scale for the droplets to rise from the releasing depth (a fixed value for all
cases) to the surface scales as T, ~ 1/w,. This dimensional analysis suggests that the initial surface plume
width scales as by ~ T, ~ u./w,, as suggested by the LES results in Figure 11b.

Besides the oil plume statistics on the ocean surface, statistics of the vertical dispersion of the oil droplets in
the far field (i.e., after they enter the surface layer) also plays a crucial role for understanding the overall
plume dynamics and estimating its environmental impact. Because often only the surface plume informa-
tion is available in the remote sensing of ail spills, a straightforward way to parameterize the effective depth
of the oil plume is to assume a uniform vertical distribution of oil concentration down from the surface. The
effective depth h, following this assumption is thus given by the ratio of the volume integration to the sur-
face integration of the mean oil concentration in the far field. Figure 12 shows that h, scales well as a func-
tion of Db, and increases monotonically as Db increases.

We note that the vertical distribution of oil concentration can be far more complex than a uniform distribu-
tion. To account for the variation, a more rigorous way to quantify the vertical oil dispersion is to calculate
the vertical length scales based on the first- and second-order moments of the mass-weighted oil concen-
tration, i.e., the center-of-mass depth:

J J Jff(x,y,z)z dxdydz
he= (19
J J [(f(x,y, z) dxdydz
and the vertical spreading length:
J J Jf(x,y,z) (z—h,)? dxdydz
hs= (20)

J J JE(X’%Z) dxdydz

Figure 13 shows the values of h. and h; for the far-field oil plume calculated based on the LES data. Both
h. and h; scale well as a function of Db and increase monotonically with Db. This again confirms that the
competition between downwelling flows and droplet buoyancy plays the key role in oil dispersion, for
which Db is the main control parameter. For large droplet diameter (i.e., small Db), the oil droplets con-
centrate near the surface and exhibit small values for both h. and h;. For small droplets (i.e., large Db), the
oil concentration spreads out smoothly over almost the entire mixed layer depth, resulting in large h. and
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Figure 12. Effective depth of mean oil plume in the far field.
Resolving detailed structures in

the flow and oil plume field requires significantly high computational cost, which is not feasible for many
practical applications. The smoothness of the mean flow and oil plume statistics reported in section 3 indi-
cates the possibility of capturing the essential characteristics of oceanic oil dispersion using a low-order rep-
resentation, i.e., a model with relatively low spatial and temporal resolutions such as the Reynolds-averaged
Navier-Stokes (RANS) model in which turbulence is parameterized.

One of the most widely used method is the K-profile parameterization [Large et al., 1994], which parameter-
izes the unresolved vertical flux (due to turbulence and Langmuir cells) of a variable f (velocity u and v, or
scalar concentration C) by multiplying the vertical gradient with an eddy coefficient K:

(Fw'y=—Ko,(f) . 1)

Here (f) denotes the spatial and temporal averaged value of f that is captured by the RANS-type simulation.
In this section, the previous KPP models for shear and Langmuir turbulence are reviewed and compared
with the current LES results, based on which an improved KPP model is proposed in section 4.4.

The Richardson number associated with the oil droplet buoyancy term, i.e., the last term in (2), has its maxi-
mum value near the release source of the oil, where the oil droplets have not been sufficiently diluted by
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r —A— Laz=0.43 r —A— La=0.43
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Figure 13. (a) Depth for center of mass h. and (b) vertical spreading length h; in the far field as a function of Db.
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the turbulence. In the far field where the statistical analyses are performed, the oil field has been highly
diluted by the flow field and oil induced buoyancy flux is expected to be small. In particular, in the mixed
layer the Richardson number associated with oil can be defined as:

Rig= (1 - &) Comax guh; , (22)
Po Pd *

where C 4 is the maximum time-averaged oil concentration in the far field, and h, is the effective plume
depth (see Figure 12). Note that in the far field, typically the oil concentration has the maximum near the
surface [Yang et al., 2014], whose value can be found in Figures 7 and 8. Equation (22) provides an esti-
mated upper bound for evaluating the oil-induced buoyancy flux in the mixed layer. The LES results indicate
that for all the simulation cases the oil Richardson number defined in (22) satisfies Rigy=O(0.1). The small-
ness of Richardson number indicates that the effect of the oil droplet buoyancy force is negligible for the
analysis of the eddy viscosity and diffusivity.

4.1. Previous KPP Model Without Langmuir Circulation Effect
The KPP model by Large et al. [1994] is briefly summarized here. In this model, the eddy coefficients are par-
ameterized as:

K(z2)=zzW(0)G(0), 0=—2/zn, (23)
Ke(2)=zmWe(0)G(0), (24)

where K and K. are for momentum and scalar transport, respectively. Here G is the shape function:
G(o)=a(1—0)?, (25)

Zpy, is the mixed layer depth, and W and W, are the turbulent velocity scales for momentum and scalar
transport:

KU
W(o)= $(0) (26)
KU,
=G0 @

In (26) and (27), the thermal stability functions ¢,,(a) and ¢.(c) are given by the Monin-Obukhov similarity,
i.e. [Large et al., 1994]:

145¢, (>0,
b= (1=160)7* (< <0, (28)
(@m=bm0) ™", (< lm,
1+5¢, (>0,
do=14 (1—160)7"7, . <i<o0, (29)
(ac—b0)™"?, (<,
where (=—2z/L,
L=u?/(xBr) (30)

Br=0gQ/ pyc, is surface buoyancy flux, and the heat capacity c,=4182J/(KgK). The constants for the stabil-
ity functions are:

{n=-02, an=1.26, by,=838, (31
{,=—10, a=-2886, b.,=98.96. (32)

In (23) and (24), the mixed layer depth z,, is estimated as the shallowest depth where the bulk Richardson
number,
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B —B(2)]z

Rip(z2)=— ——————, (33)
V,=V(2)*+V2(2)

matches with a critical value of Ri.=0.3. Here B(z) and V(z) are the mean profiles of the oceanic buoyancy
and velocity, respectively; B, and V, are the reference values estimated by averaging B(z) and V(z) over the

surface layer 0 < ¢ < ¢, where ¢=0.1. The turbulent velocity magnitude is estimated as:

V2(2)=— Gvohr (bee) ™ 22ZNWY, . (34)
Ricic?
Here the constant C,=1.6 accounts for the turbulent mixing induced smoothing of the buoyancy profile at
the entrainment depth where the negative buoyancy flux is maximum, ;=—0.2 is the ratio of the entrain-
ment flux to the surface buoyancy flux, and N=+/—gd,p/p, is the buoyancy frequency. Detailed discussion
of this KPP model can be found in Large et al. [1994].

4.2, Evaluation of Eddy Viscosity From LES Results

In this section, the vertical profile of the eddy viscosity is evaluated using the LES data. To account for the
complex orientation of the velocity and momentum flux vectors in Langmuir turbulence (see e.g., Figures 2
and 3), the unresolved momentum flux in a RANS-type simulation can be parameterized as:

(uw)=—K- 9,(up) , (35)

where up=(u, v) is the horizontal velocity vector, and 9, denotes the vertical derivative. The eddy viscosity
tensor K can be written as: [McWilliams et al., 2012, 2014]

K(z)=K(2)R(z), (36)
where
[(upw')(2)]
K(z)= — (37)
@ 0. una)]
is the magnitude of K, and
cos Ok —sin bk
R(z)= ( > (38)
sinOx  cos Ok

is a rotation tensor that accounts for the misalignment between —(u/,w’) and 9;(uj). The misalignment
angle 0k can be determined by its cosine and sine functions:

82 <Hh> : <W)

cos Ox=— 5 K(z)f1
0,
192 un)| . (39)
. O, (Up) X (w,w') I
Op=—e@y 2 TNThT [y
sinOxk=—e3 |3z<uh>\2 (2)

Figure 14 shows the vertical profiles of the eddy viscosity K(z) and the misalignment angle 0x(z) calculated
by (37) and (39) using the LES data. As La, decreases, the intensity of the Langmuir circulation increases,
which enhances the vertical mixing and causes a monotonic increase of the K-profile magnitude (Figure
14a, dashed lines with open symbols). Meanwhile, the presence of strong Langmuir circulations also enhan-
ces the misalignment between the momentum flux and velocity gradient (Figure 14b, dashed lines with
open symbols), especially for La;=0.36.

Realizing the challenge for parameterizing the complex misalignment, McWilliams et al. [2012] suggested to
use the Lagrangian velocity instead of the Eulerian velocity for modeling the unresolved momentum flux.
So instead of using (35), (u,w’) is modeled as:

(uw')=—K'R" - 9,(a}), (40)

where (a})= () +u; is the Lagrangian mean velocity,
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Figure 14. Vertical profiles of (a) eddy viscosity K and (b) misalignment angle 0. LES results with Eulerian (dashed lines with open symbols)
and Lagrangian (solid lines with solid symbols) velocity based K are shown: squares, La; =0.36; triangles, La;=0.43; diamonds, La;=0.51; and
circles, La;=0.61. For comparison, the KPP model result for La; =0.36 is also included and indicated by the dash-dotted line.

cos 0t —sin 0%
R (z)= “ “J. 42)
sin0f,  cos 0}

and
|0, (up)?
0,(ah) % (a7
10, (up) 2

(k)"

L _
cos 0=

sin 0% =—e; - (KH™"

As shown in Figure 14b (solid lines and symbols), the use of Lagrangian velocity gradient helps to signifi-
cantly reduce the misalignment, especially for the strong Langmuir circulation case L1 with La;=0.36. Note
that although the profile shape of OLK is complicated to parameterize, its magnitude is relatively small. The
parameterization of B,L( goes beyond the scope of this paper, and will be the subject of future work. For now
it is fairly reasonable to neglect the misalignment 0§ and only parameterize the K" profile, just like the KPP
model in which a perfect alignment is assumed.

In Figure 14a, the comparison between K- (solid lines) and K (dashed lines) shows that, for small La, the
value of K- is much reduced from K because of the larger denominator in (41). This reduction is more signifi-
cant near the surface and vanishes below z/z;=—0.5 because of the exponential decay of u, (Figure 5c).
The difference between K* and K decreases as La, increases and becomes negligible for La;=0.61, in which
u, is much smaller than uy. Unlike for K, the dependence of K- on La, is not monotonic. Although La;=0.36
(case L1) has much larger peak for K than La;=0.43 (case L2), the former has smaller peak for kK due to the
larger reduction caused by a much larger contribution from 9d,us to the denominator of (41). The nonmono-
tonic trend of K- with respect to La, increases the difficulty for parameterizing the eddy diffusivity. Further
analysis and discussion on this is given in sections 4.3 and 4.4.
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4.3. Previous KPP Model Including Langmuir Circulation Effect

In Figure 14a, the K-profile for La;=0.36 given by the KPP model (23) is also plotted for comparison. Note
that in the model calculation, the mean velocity and temperature profiles are given by the LES data.
Because (23) does not consider the Stokes drift and the enhanced vertical mixing by the Langmuir circula-
tions, the original KPP model clearly underestimates the eddy viscosity for the strong Langmuir circulation
case.

Previous studies have found significant effect of the Stokes drift on the flow statistics in Langmuir turbu-
lence. Field observations [e.g., Smith, 1998, 1999] and LES studies [e.g., Skyllingstad, 2000] suggested that
the root-mean-square value of the near-surface transverse velocity in Langmuir turbulence, when normal-
ized by the friction velocity u., scales tightly with U;/u., although the empirical data show nonnegligible
uncertainty about the proportionality coefficient [McWilliams and Sullivan, 2000]. Consistently, recent LES
studies [e.g., Li et al., 2005; McWilliams et al.,, 2014] also showed that the depth-averaged vertical velocity
variance, when normalized by u,, scales well with the turbulent Langmuir number La;=+/u./Us; and
increases monotonically when La, decreases. These findings suggest that to include the Stokes drift effect
in the KPP model, the normalized turbulent velocity scale W /u, should be assumed to be also dependent
on La, rather than simply W/u,=x«/¢,, as given by (26).

In order to improve the performance of the original KPP model for strong Langmuir circulations, McWilliams
and Sullivan [2000] proposed to include an enhancement factor for the turbulent velocity scale, i.e.:

W(o,La,)=E(Lay) ¢:‘z’;) : (44)
where the enhancement factor:
G, \*
£(la)= (1 " W) . (45)

McWilliams and Sullivan [2000] suggested that C,,=0.08 and o,=2 based on the LES results for La;=0.30.
The key feature of the new model is that £ increases as La, decreases to account for the enhanced vertical
mixing due to Langmuir circulations. Note that £=1 for La;=oc, so that for shear turbulence without Lang-
muir circulation the model is equivalent to the original KPP model.

Smyth et al. [2002] further generalized the enhancement factor (45) by replacing the constant C,, with a
function that depends on the thermal stability,
u? :
Cw=Cwo (7*) ) (46)

u3+0.6w3

where C,0=0.15,/= 2, and w*=(—;chzm)1/3 is the convective velocity scale with B; being the surface buoy-
ancy flux. Note that negative By corresponds to surface cooling, which enhances the thermal convection
[Large et al, 1994]. The new coefficient (46) helps to account for the Langmuir circulation effect under wind-
driven condition, while reducing it when the thermal convection dominates. The two improved KPP models
by McWilliams and Sullivan [2000] and Smyth et al. [2002] were recently applied in global climate simulations
by Fan and Griffies [2014].

Figure 15 compares the K-profiles from the two Langmuir-enhanced KPP models with the current LES
results. Note that a pure shear turbulence case with La;=oc is also included. For the strong Langmuir circu-
lation case with La;=0.36 (Figure 15a), including the Langmuir enhancement factor £ in KPP helps to
increase the peak value of K to be closer to the peak of K- obtained from LES, but modeled K is still smaller
than the peak of K from LES. Note that the previous KPP models did not consider the Stokes drift ug, and
the modeled K-profile corresponds to the LES estimation based on (37). Moreover, the depth of the K-profile
peak from the KPP models is lower than the one in K from LES but higher than K. Also the KPP profile has a
convex shape, while the K" profile from the LES shows a concave shape above the peak due to the Stokes
drift effect in the denominator of (41). These observations are consistent with the results and conclusions in
McWilliams and Sullivan [2000, Figure 9].

For the other extreme case with La;=oc (Figure 15e), the flow is pure shear turbulence and the two new
KPP models become the same as the original KPP model. For this case, U; = 0 so that the K and k" profiles
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Figure 15. Vertical profiles of eddy viscosity K(z) for various Langmuir numbers: (a) La; =0.36; (b) La;=0.43; (c) La,=0.51; (d) La;=0.61; and (e) La,=oc. LES results with Eulerian (dashed
line) and Lagrangian (solid line) velocity based K are indicated by red lines. Two previous proposed Langmuir enhanced KPP models are plotted for comparison: green square, McWilliams
and Sullivan [2000]; and blue triangle, Smyth et al. [2002].

from the LES are identical. The KPP model overestimates the K-profile magnitude for this shear turbulence
case. Similar result were reported in McWilliams et al. [2012, Figure 16], where the LES result also showed a
significantly smaller peak than the original KPP as indicated by a smaller von Karman constant. Figures 15b
and 15c show better agreement between KPP and LES results for La;=0.51 and 0.61, respectively, which
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Figure 16. Langmuir induced enhancement factor in the new KPP model as a function of La,. In this figure, the symbols represent the esti-
mated optimal values of D(La;)E(Lae) for each La, that provide the best match of the peak values between the new KPP model and the
LES data.

appears to be coincident. The overall agreement between the KPP and the LES results is not good for the
various cases shown in Figure 15, suggesting further improvement for the KPP model is desired.

4.4. A New Langmuir Enhanced KPP Model
Note that McWilliams and Sullivan [2000] set the model coefficient o.=2 in (45) to obtain good agreement
between the KPP result and the Lagrangian eddy viscosity k- obtained from the LES for La;=0.30. The
results in Figure 15 suggest a larger value of «.=4 in order to further improve the agreement between the
KPP model and the LES results for various La,.

Moreover, the overestimation by the KPP model for La;=oco suggests the need to include an additional pre-
factor D(La;) to account for the difference between the KPP and the LES results. The evaluation based on
the LES data shows that a prefactor of Ds=0.62 gives good agreement for the shear turbulence condition,
and another prefactor of D;=1.45 results in good agreement for the Langmuir turbulence condition. Fig-
ure 16 shows the combined prefactor D(La;) £(La;). The shear turbulence regime (dash-dot line) and the
Langmuir turbulence regime (dashed line) clearly follow two different curves corresponding to Ds=0.62
and D;c=1.45, respectively, indicating a complex transition between the two flow regimes. For the sake of
practical application, a smooth function

C_DS[

D(La;)=Ds+ DL 5 1—tanh (¢(Lag—Lac))] (47)

is adopted for D(La;), where Ds=0.62, D;c=1.45, La.=0.5, and & = 10. The combination of (47) and (45)
with o, =4 gives an overall agreement with the estimation based on LES results (Figure 16).

To summarize, in this new variant of a Langmuir-enhanced KPP model, the Langmuir circulation enhanced
turbulent velocity scale for the eddy viscosity is parameterized as:

W(o,La,)=D(La,) &(Lay) aﬁa ;- (48)
where ¢,, is given by (28), D(La;) is given by (47), and
C 1/4
£(la)= (1 n W) (49)
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with C,, given by (46). The Eulerian velocity based eedy viscosity K for the momentum flux is then parame-
terized based on (23).

Moreover, comparing (37) with (41) indicates that
Kt=KkC™', (50)
where

_ 19:({un) Tu)|

= 0 un)]

(51

is a Lagrangian transformation factor. Note that the Stokes drift velocity gradient is d,us=2kU.e?? and the
resolved velocity gradient scales as 9,(u, v) ~ u,, thus £ can be parameterized as:

12
10 ({up) +uy)| (azu5)2+282<u>alus
L= =1+ 52
|0z (up)| { (8z<u>)2+(az<v>)2:| 2
~ [7. 4G 222, 22 2|2
& 1+W(2kzme )+L—at2(2kzme ) . (53)

Here Cjy =Cj,=C, (with C,, given by equation (46)) is found to provide reasonably good agreement between
the parameterization and the LES results. Finally, the Lagrangian velocity based eddy viscosity k" can be par-
ameterized based on (50) and (53).

Figure 17 compares the new KPP model with LES results. Comparing with the previous KPP models in Figure
15, in the new KPP model the use of prefactor £ (equation (49)) improves the agreement for the Eulerian
eddy viscosity K at small La, (Langmuir turbulence); introducing the additional prefactor D to the KPP model
improves the agreement at large La, (shear turbulence). The Eulerian-to-Lagrangian transformation using
the parameterized Lagrangian factor £ (equation (53)) provides a more realistic profile shape and peak loca-
tion for K*, especially for strong Langmuir circulation conditions (La;=0.36 and 0.43) where the K profile
has a concave shape above the profile peak.

4.5. Eddy Diffusivity for Oil Dispersion: LES and New KPP

Unlike the velocity field that is characterized by horizontal homogeneity, the oil concentration field dis-
persed from an underwater blowout is highly nonhomogeneous in space. Consequently, the simple hori-
zontal averaging operation when estimating the eddy viscosity, e.g. in (37), is not feasible for the
estimation of eddy diffusivity for oil concentration. Instead, the vertical eddy diffusivity Kc, is estimated by
means of a least squares fitting of the LES data.

In an eddy-diffusivity type parameterization the oil concentration flux is assumed to be:
w'C'=—Kc, 0,C, (54)

where (- --) indicates time averaging. To estimate Kc,, first the time-averaged vertical gradient of oil con-
centration 9,C and oil concentration flux w/C’' are calculated based on the LES data. Then a linear least
squares fitting of (54) is performed based on a scatter plot of data points on each horizontal grid plane,
with 9,C being treated as the independent variable and w/C’ as the observation. Note that two criteria are
employed to define the sampling points used: first, only the spatial points in the far field of the oil plume
are used; second, a high-pass filter of C > 2X107%kg/m? is applied to exclude sample points with very low
oil concentration.

Figure 18 shows the linear least squares fitting of the eddy diffusivity Kc, at z=—10m for La;=0.43 with var-
ious oil droplet sizes. For cases with larger droplet size (cases L2D1-L2D4 in Figures 18a-18d), the LES data
samples show a clear bias toward the fourth quadrant, where (9,C > 0,w’C’ <0). This is because for these
larger oil droplets, the oil concentration is higher near the surface due to the larger buoyancy force on these
droplets, which results in 9,C > 0. The vertical velocity fluctuation w’ thus generates a negative oil concen-
tration flux w/C’ analogous to the negative Reynolds stress in shear turbulence [Tennekes and Lumley, 1972].
For cases with small droplet size (cases L2D5 and L2D6 in Figures 18a and 18d), the local value of 9,C may
also be negative due to the stronger diffusion associated with the Langmuir circulation and the weaker
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Figure 17. Vertical profiles of Eulerian (dashed line and open triangle) and Lagrangian (solid line and solid triangle) velocity based eddy viscosity K for various Langmuir numbers:

(a) La;=0.36; (b) La;=0.43; (c) La;=0.51; (d) La,=0.61; and (e) La;=oc. LES results are indicated by lines, and the predictions from the improved KPP model, i.e., by combining equa-

tions (23), (48),

and (53), are indicated by symbols.

buoyancy force on the droplets. As a result, the data samples fall in both the fourth and the second quad-

rants. In general, the scatter plot of (9,C,w/C’) shows a clear trend, and the linear least squares fit of Kc,
goes through the center of the scattered sample points.
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Figure 18. Scatter plot for estimating vertical eddy diffusivity Kc, at z=—10m for La,=0.43. The red solid line indicates the linear least squares fit of Kc, for w'C’' = —Kc, 9,C. Different
plots correspond to different oil droplet diameters: (a) d = 500 pum (case L2-D1), (b) d = 354 um (case L2-D2), (c) d = 250 um (case L2-D3), (d) d = 177 pm (case L2-D4), (e) d = 125 um
(case L2-D5), and (f) d = 88 um (case L2-D6).
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Figure 19. Vertical profiles of vertical eddy diffusivity Kc, for various droplet diameters: solid line, d=500 um; dashed line, d=354 um; dash-dot line, d=250 um; dotted line, d=177 um;
long dashed line, d=125 um; and dash-dot-dot line, d=88 um. Different plots correspond to different Langmuir numbers: (a) La;=0.36, (b) La;=0.43, (c) La,=0.51, and (d) La;=0.61. The
results from the new KPP model are also shown in red triangle.

Moreover, because of the decrease of the averaged oil concentration deeper in the OML, the available sam-
ple points for fitting Kc, also decreases and may become insufficient at certain depth. Therefore, we apply
another cutoff criterion when plotting the vertical profile of Kc,(z), i.e., cutting off the profile below a depth
where the total number of useable sampling points is less than 100. Figure 19 shows the vertical profiles of
Kc,(z) for the different LES cases. The cutoff of the profiles can be seen from the figure, with larger droplet
cases being cut off at smaller depth associated with the shallower effective depth of the surface plume (see
Figures 12 and 13).

For a given flow condition, the Kc, profiles from different droplet sizes show similar depth dependence. Cer-
tain variation is also observed when changing the droplet size, but no clear trend can be concluded based
on the available results. Note that further improvement of the estimation for Kc, would require much higher
computational cost for both simulation and data analysis, which goes beyond the scope of the current
study. Nevertheless, the LES results still provide useful information about the dependence of Kc, on Lang-
muir circulation strength. Despite of the variations associated with droplet size, in general the peak value of
Kc, is larger for smaller La,, reflecting the enhanced vertical dispersion of oil by the Langmuir circulations.
This decreasing trend of Kc, as La, increases can be seen more clearly by checking the value of Kc, at z/z;=
—0.25 (Figure 20).

Based on the LES results, a KPP model for the eddy diffusivity of oil dispersion can be parameterized similar
to the eddy viscosity in the new KPP model proposed in section 4.4. The eddy diffusivity Kc, is parameter-
ized by (24), with a Langmuir circulation enhanced turbulent velocity scale given by:

We(o,La,)=0.6 D(Lay) E(Lar) -2 | (55)
c(0)
Here D(Lay) is given by (47), £(Lay) is given by (49), and ¢, is given by (29). The constant prefactor 0.6 is

suggested by the LES data. The corresponding Schmidt number can thus be written as:

kW .

K, W bm 50

The values of Kc, from the new KPP model are shown in Figures 19 and 20. Considering the complexity in
physics of the oil dispersion as well as the uncertainties in estimating Kc, from the LES data, the overall
agreement between the new parameterization and the LES results can be considered to be quite
satisfactory.
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La, the fundamental physics of the oil
dispersion has not yet been fully
understood due to the technical
challenges in modeling and meas-
uring oil dispersion in multiscale
ocean turbulence. In this study, a recently developed high-fidelity Eulerian LES model [Yang et al., 2014] is used
to simulate oil dispersion in Langmuir turbulence. The LES model directly resolves the turbulent flow motions
and distribution of oil concentration at scales larger than the simulation grid scale, whilst it parameterizes the
effects of the smaller scales using a Lagrangian scale-dependent subgrid-scale model. Simulations of oil plume
dispersion for a series of flow conditions and oil droplet sizes demonstrate the capability of the LES model for
capturing the essential multiscale physics of the oil dispersion.

Figure 20. Eddy diffusivity Kc, at z/z;=—0.25 as a function of La,. Symbols are for LES
results with various droplet sizes, and the solid line is the new KPP model prediction.

Based on the LES data, a systematic analysis is performed to help understand the oil dispersion, with a focus
on the mean oil plume statistics. Although the instantaneous oil plumes exhibit highly intermittent spatial
and temporal patterns, the mean oil plumes are found to be smooth and can be parameterized as
Gaussian-type plumes. The major characteristics of the mean plume, such as the centerline orientation, the
surface plume width, and the vertical dispersion depth, are found to vary mainly as a function of the drift-
to-buoyancy ratio Db=Us/w;, which accounts for the relative strength of the Langmuir circulation-induced
mixing and the oil droplet buoyancy. In general, plumes of large oil droplets exhibit less lateral and vertical
dispersion and the mean plume orients more toward the downwind direction. Plumes of small oil droplets
experience more lateral dispersion as indicated by the broader mean surface plume; the vertical dispersion
of small oil droplets is also significantly high because their weak buoyancy cannot overcome the downwel-
ling motions in the upper-ocean turbulence. Thus, Db determines both the dilution rate and direction of
transport of oil plumes in the OML.

The smoothness and Gaussian-like shapes of the mean plumes from the LES data support the feasibility of
modeling the mean oil dispersion process using RANS-type formulations. The key to the accuracy of RANS
modeling is the quality of the parameterization of eddy viscosities and diffusivities, e.g., via K-profile param-
eterizations. Using the LES data, the performance of the widely used KPP model [Sullivan et al., 1994] as well
as its two variants that account for the enhanced mixing by Langmuir turbulence [McWilliams and Sullivan,
2000; Smyth et al., 2002] are assessed under various Langmuir turbulence conditions. Comparison with the
LES data supports the improvement of KPP model made by McWilliams and Sullivan [2000] and Smyth et al.
[2002], but also shows considerable discrepancies that require further improvement.

Based on the suite of LES cases performed and analyzed in this study, a new version of Langmuir
circulation-enhanced KPP model is proposed. It is built on the basic ideas of the original KPP model, and
adopts the Langmuir-enhanced turbulent velocity scale proposed by McWilliams and Sullivan [2000] and
Smyth et al. [2002] but with tuned model coefficients according to the LES data. An additional flow-state-
dependent prefactor with a smooth function form is used to account for the transition between the Lang-
muir turbulence regime and the shear turbulence regime. Finally, a Lagrangian transformation factor is
used to transform the typical Eulerian velocity based eddy viscosity to the Lagrangian velocity based one.
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The combination of these modifications in the KPP model provides an improved parameterization of the
eddy coefficients, which yields good agreement with the LES data in terms of the magnitude, shape, peak
depth, and La-dependence of the eddy-coefficient profiles.
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